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ABSTRACT 

P h o t o g r a p h i c  m e t e o r  d a t a  p u b l i s h e d  by McCrosk y  and 

Posen a r e  a n a l y z e d  u s i n g  a  method s i m i l a r  t o  one  s u g g e s t e d  by 

Orl-ok.  It i s  found  t h a t ,  t o  a  f i r s t  approx ' imat ion ,  t h e  mass 

and v e l o c i t y  d i s t r i b u t i o n  funct ion:  a r e  i n d e p e n d e n t .  L e a s t  
s q u a r e s  a n a l y s i s  l e a d s  t o  a  c u m u l a t i v e  mass d i s t r i b u t i o n  o f  

-2  -1 l o g  N ( m  s e e  ) = - l o g  m - 1 7 . 1  where N i s  t h e  c u m u l a t i v e  

f l u x  o f  p h o t o g r a p h i c  m e t e o r s  i n t o  t h e  E a r t h ' s  a tmosphere  

h a v i n g  a  mass o f  m k i l o g r a m s  o r  g r e a t e r  i n  good a g r e e -  

ment w i t h  an  e a r l i e r  s t u d y  o f  s a t e l l i t e  and r a d a r  d a t a  by 

t h e  b ~ r i t e r .  An i n d e p e n d e n t  check  on t h e  c o n s i s t e n c y  o f  t h i s  

d i s t r i b u t i o n  i s  c a r r i e d  o u t  w i t h  f a v o r a b l e  r e s u l t s .  The 

v e l o c i t y  d i s t r i b u t i o n  i s  d i s c u s s e d  u s i n g  a  v e r y  s i m p l e  model 

f o r  t h e  d i s t r i b u t i o n  of o r b i t a l  e l e m e n t s .  It i s  t h e n  p o s s i b l e  

t o  d e f i n e ,  f o r  t h e  f i r s t  t i m e ,  an  a n a l y t i c  e x p r e s s i o n  f o r  t h e  

j o i n t  mass and v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n  o f  p h o t o g r a p h i c  

m e t e o r s .  The r e s u l t  i s  a p p l i e d  t o  c a l c u l a t e  v a r i o u s  q u a n t i t i e s  

of a e r o s p a c e  i n t e r e s t .  The a v e r a g e  m e t e o r  v e l o c i t y  i s  found  

t o  be  20  Km/sec, and a n a l y t i c a l  e x p r e s s i o n s ' f o r  t h e  p e n e t r a t i o n  

f l u x  and t h e  i n f l u x  of  m e t e o r  momentum a r e  d e r i v e d .  The prob-  

leh o f  t h e  E a r t h ' s  g r a v i t a t i o n a l  f o c u s i n g  i s  b r i e f l y  c o n s i d e r e d  

and i s  found  t o  b e  i n s i g n i f i c a n t  f o r  t h e s e  m e t e o r s .  



B E L L C O M M ,  I N C .  

The meteoroid environment of t h e  Apollo Program i s  
s u b j e c t  ' t o  cons ide rab le  u n c e r t a i n t i e s .  This  i s  due, on t h e  one 
hand, t o  a s c a r c i t y  of d i r e c t  experimental  measurements of t h e  
p e n e t r a t i n g  f l u x  and, on t h e  o t h e r  hand, t o  u n c e r t a i n t i e s  i n  
e s t i m a t e s  based on , i n d i r e c t  informat ion .  The f l u x  range of 
i n t e r e s t  f o r  Apollo c o n s i s t s  of meteoroids which e n t e r  t h e  

E a r t h ' s  atmosphere wi th  a frequency of from 10- t o  t imes  

pe r  square  meter p e r  second. An important  anchor po in t  a t  t h e  

h igh  end of t h i s  f l u x  i s  provided by t h e  Explorer  and Pegasus 

d i r e c t  measurements. The p resen t  s tudy has  been undertaken t o  
provide  a u s e f u l  anchor po in t  a t  t h e  low end of t h i s  f l u x  range,  

j u s t  beyond t h e  s i g n i f i c a n t  range f o r  Apollo. 

Photographic meteor data publ ished by McCrosk y and 
Posen comprise a s t a t i s t i c a l l y  h ighly  va luab le  sample of 2,529 
meteors .  A method of a n a l y s i s ,  due t o  Orrolc, i s  employed he re  
and t h e  sample i s  d iv ided ,  accord ing ly ,  i n t o  meteor mass d i s t r i -  

bu t ions  a t  cons tan t  v e l o c i t y  and v e l o c i t y  d i s t r i b u t i o n s  a t  
cons tan t  mass. With t h i s  method i t  i s  shown t h a t  t h e  meteor 

mass and v e l o c i t y  d i s t r i b u t i o n s  a r e  independent t o  a good f i r s t  

approximation, as Orrok has  e a r l i e r  suggested.  An important  
advantage of t h e  method i s  t h a t  a much l a r g e r  f r a c t i o n  of t h e  
t o t a l  sample becomes a c c e s s i b l e  f o r  a n a l y s i s  t h a n  has  been 
p o s s i b l e  b e f o r e  without  having t o  in t roduce  weight ing f a c t o r s  
which,.  due t o  t h e i r  l a r g e l y  i n t u i t i v e  c h a r a c t e r ,  comprise a major 
s o s r c e  of u n c e r t a i n t y  i n  t h e  e x i s t i n g  " s t a t e - o f - t h e - a r t .  11 

Leas t  square  a n a l y s i s  l e a d s  t o  a cumulat ive mass 
-2 -1 d i s t r i b u t i o n  of l o g  N ( M  s e c  ) = - log  m - 17.1 where N i s  t h e  

cumulative i n f l u x  of photographic meteors  i n t o  t h e  Earth's 



a tmosphere  h a v i n g  a  mass of  m k i l o g r a m s  o r  g r e a t e r  i n  good 

agreement  w i t h  a n  e a r l i e r  e s t i m a t e  by t h e  w r i t e r  u s i n g  m a i n l y  

s a t e l l i t e  and r a d a r  d a t a .  An i n d e p e n d e n t  check on t h e  c o n s i s -  

t e n c y  o f  t h i s  d i s t r i b u t i o n  w i t h  t h e  raw d a t a  i s  c a r r i e d  o u t  

t r i t h  f a v o r a b l e  r e s u l t s .  

The v e l o c i t y  d i s t r i b u t i o n  i s  d i s c u s s e d  u s i n g  a  

s i m p l e  model f o r  t h e  d i s t r i b u t i o n  o f  o r b i t a l  e l e m e n t s .  Using 

some of' t h e  r e s u l t s  o b t a i n e d  d u r i n g  t h e  a n a l y s i s  o f  mass d i s -  

t r i b u t i o n s  i t  becomes p o s s i b l e  t o  d e f i n e  f o r  t h e  f i r s t  t i m e  a  

j o i n t  mass and v e l o c i t y  d i s t r i b u t i o n  ( e q u a t i o n  4 . 3 . 6  i n  t h e  

t e x t )  o f  p h o t o g r a p h i c  m e t e o r s .  The r e s u l t s  a r e  t h e n  a p p l i e d  

t o  c a l c u l a t e  s e v e r a l  q u a n t i t i e s  o f  a e r o s p a c e  i n t e r e s t .  

The p e n e t r a t i n g  f l u x ,  d e r i v e d  from t h e  model ,  i s  o f  

p a r t i c u l a r  i n t e r e s t  b e c a u s e  it  p r o v i d e s  a  f i x e d  a n c h o r  p o i n t  i n  

t h e  f l u x  r a n g e  o f  1 0  -1 -12 m-2 s e c  t o  1.0 -1 -I5 m-2 s e c  .  his i s  

i n d i c a t e d  i n  t h e  summary c h a r t ,  F i g u r e  S ,  f o l l o w i n g  t h i s  d i s c u s -  

s i o n ,  It can be s e e n ,  from t h e  f i g u r e ,  t h a t  t h e  p e n e t r a t i n g  

f l u x  d e r i v e d  from t h e  p r e s e n t  model a g r e e s  t o  w i t h i n  a  f a c t o r  

o f  a b o u t  3 w i t h  an  e a r l - i e r  e s t i m a t e  by t h e  w r i t e r  b a s e d  mai-nly 

on s a t e l l i t e  d a t a .  It i s ,  t h e r e f o r e ,  s a t i s f y i n g  t o  n o t e  t h a t  

when t h e  u n c e r t a i n t i e s  i n  t h e  p r e s e n t  p e n e t r a t i n g  f l u x  a r e  

e x t r a p o l a t e d  i n  F i g u r e  5 ,  t h e  Pegasus  ( 5  o r  more o r d e r s  o f  

magn i tude  h i g h e r  i n  f l u x )  d a t a  a r e  w i t h i n  t h e  m a r g i n s  o f  e r r o r .  

The u n r e v i s e d  NASA model i s  s e e n  t o  d i v e r g e  c o n s i d e r a b l y  from 

t h e  main t r e n d  o f  s a t e l - l i t e  p e n e t r a t i o n  measurements  a s  w e l l  

a s  p e n e t r a t i o n  f l u x  e s t i m a t e s  b a s e d  on r a d a r  d a t a  and t h e  

p r e s e n t  r e s u l t s .  It can f u r t h e r  b e  s e e n ,  i n  t h e  f i g u r e ,  t h a t  

t h e  p e n e t r a t i n g  f l u x  e s t i m a t e d  from microphone measurements i s  

h i g h .  Because 'of t h e i r  h i g h l y  u n c e r t a i n  n a t u r e ,  p e n e t r a t i n g  f l u x  

e s t i m a t e s  based  on t h e  i n f l u x  r a t e s  o f  r e l a t i v e  v i s u a l  magn i tudes  

have  n o t  been p l o t t e d  i n  t h e  f i g u r e .  

O t h e r  r e s u l t s  o f  t h i s  p a p e r  a r e  t h e  d e t e r m i n a t i o n  of  

a n  a v e r a g e  m e t e o r  v e l o c i t y  o f  20 Km/sec w i t h  a  r o o t  mean s q u a r e  

d e v i a t i o n  o f  7 lGi~ril/sec and an a n a l y t i c a l  d e f i n i t i o n  o f  t h e  i n f l u x  

o f  m e t e o r  momentum. L a s t l y ,  t h e  e f f e c t  o f  t h e  E a r t h t s  g r a v i t a -  

t i o n a l  f o c u s i n g  i s  c o n s i d e r e d  and i s  found  t o  b e  s m a l l ,  r e s u l t i n g  

i n  a d e c r e a s e  i n  f l u x  o f  t h e  o r d e r  o f  30% a t  i n f i n i t y .  
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MODEL DISTRIBUTION OF PHOTOGRAPHIC METEORS 

I .  I n t r o d u c t i o n  - 

The model m e t e o r o i d  e n v i r o n m e n t  o f  t h e  A p o l l o  Program 

i s  s u b j e c t  t o  c o n s i d e r a b l e  u n c e r t a i n t i e s . %  T h i s  i s  due  m a i n l y  

t o  a  s c a r c i t y  o f  d i r e c t  o b s e r v a t i o n a l  i n f o r m a t i o n  r e g a r d i n g  t h e  

mass and  v e l o c i t y  d i s t r i b u t i o n  o f  m e t e o r o i d s .  An improvement  

i n  t h e  d e f i n i t i o n  o f  t h e  m e t e o r o l d  mass d i s t r i b u t i o n  and  a  

d e f i n i t i o r l  o f  a  model v e l o c i t y  d i s t r i b u t i o n  would t h e r e f o r e  l e a d  

t o  i n c r e a s e d  c o n f i d e n c e  i n  t h e  A p o l l o  Model E n v i r o n m e n t .  E s t i m a t e s  

o f  mass d i s t r i b u t i o n  o f  p h o t o g r a p h i c  m e t e o r s  have  b e e n  g i v e n  i n  

t h e  p a s t  ( s e e  McKinley,  1961 ,  f o r  a  r e v i e w )  a n d  were o r i g i n a l l y  

b a s e d  on i n d i r e c t  e v i d e n c e  ( e . g . ,  d i s t r i b u t i o n  o f  r e l a t i v e  

v i s u a l  m a g n i t u d e s ) .  A f t e r  Hawkins a n d  S o u t h w o r t h  (1.958) r e d u c e d  

360 m e t e o r s  a  d i r e c t  a .nal .ysis  became p o s s i b l e .  Us ing  t h i s  s ample  

Hawkins and  Upton ( 1 9 5 8 )  o b t a i n e d  t h e  r e s u l t  t h a t  t h e  c u m u l a t i v e  

i n f l u x  o f  p h o t o g r a p h i c  m e t e o r s  i n t o  t h e  E a r t h ' s  a t m o s p h e r e  i s  

p r o p o r t i o n a l  t o  t h e  - 1 . 3 4  power o f  t h e  met.eor mass. More 

r e c e n t l y  D a l t o n  ( 1 9 6 5 )  h a s  r e c a l c u l a t e d  t h e  masses  o f  t h e s e  

m e t e o r s  u s i n g  o p i k T s  method and  o b t a i n e d  a s i m i l a r  r e s u l t .  

J o i n t  mass and  v e l o c i t y  d i s t r i b u t i o n s  h a v e  n o t ,  however ,  b e e n  

,gi.ven i n  t h e  l i t e r a t u r e .  

McCrosk y  a n d  Posen  (1961)  h a v e  p u b l i s h e d  t h e  o r b i t a l  

e l e m e n t s  o f  2 5 2 9  p h o t o g r a p h i c  m e t e o r s . % %  The sample  c o m p r i s e s  

2174 m e t e o r s  r e d u c e d  by t h e  a u t h o r s  u s i n g  t h e  g r a p h i c a l  method 

(McCroskl y ,  1 9 5 7 )  and  355 m e t e o r s  r e d u c e d  by J a c c h i a  u s i n g  a I 

more a c c u r a t e  method (Whipple  and  J a c c h i a ,  1957). I n  v iew of  

t h e  h i g h  s t a t i s t i c a l  v a l u e  o f  t h e  s a m p l e ,  i t  a p p e a r e d  w o r t h  

w h i l e  t o  u n d e r t a k e  a  s y s t e m a t i c  s t u d y  o f  t h e  McCrosk y  a n d  Posen  

m e t e o r s  i n  o r d e r  t o  d e f i n e  t h e i r  mass  and  v e l o c i t y  d i s t r i b u t i o n .  

% 
S e e ,  e . g . ,  Dohnanyi  ( 1 9 6 5 )  f o r  a  r e c e n t  r e v i e w  a n d  f o r  

r e f e r c n c e s .  

%%The a u t h o r s  h a v e  k i n d l y  made z i v a i l a b l e  a s e t  o f  t h e i r  -. 
IBM data c a r d s  u s e d  i n  t h i s  s t u d y .  
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I n  an  u n p u b l i s h e d  s t u d y ,  Orrok (1964)  h a s  c o n s t r u c t e d  

p l o t s  o f  mass d i s t r i b u t i o n s  a t  c o n s t a n t  g e o c e n t r i c  v e l o c i t y ,  and  

g e o c e n t r i c  v e l o c i t y  d i s t r i b u t i o r l s  a t  c o n s t a n t  mass o f  t h e  I 

McCroskey and Posen m e t e o r s .  I n s p e c t i o n  o f  t h e s e  p l o t s  l e d  him 

t o  c o n c i u d e  t h a t  t h e  mass d i s t r i b u t i o n  f u n c t i o n  a t  c o n s t a n t  

v e l o c i t y  i s  s i m i l a r  f o r  t h e  d i f f e r e n t  v e l o c i t y  i n t e r v a l s  he 

c o n s i d e r e d .  Or rok  f u r t h e r  s u g g e s t e d  ( p r i v a t e  communicat ion)  

t h a t . a  more d e t a i l e d  t r e a t m e n t  may r e v e a l  t h a t  t h e  mass and 

v e l o c i t y  d i s t r i b u t i o n s  a r e  i n d e p e n d e n t .  

The method used  i n  t h i s  s t u d y  i s  s i m i l a r  t o  t h e  one 

employed by Orrok t o  i n v e s t i g a t e  mass d i s t r i b u t i o n s  a t  c o n s t a n t  

v e l o c i t y  and v e l o c i t y  d i s t r i b u t i o n s  a t  c o n s t a n t  mass .  D e t a i l s  

o f  t h e  p r o c e d u r e  a r e  g i v e n  i n  S e c t i o n  2 o f  t h i s  p a p e r .  A care- .  

f u l  s t u d y  o f  t h e  d a t a  i n d i c a t e s  t h a t ,  w i t h i n  a  r e a s o n a b l e  

a p p r o x i m a t i o n ,  t h e  mass and v e l o c i t y  d i s t r i b u t i o n s  can  i n d e e d  

be  c o n s i d e r e d  i n d e p e n d e n t .  

The mass d i s t r i b u t i o n  o f  t h e  McCrosk y and Posen 

m e t e o r s  a t  d i f f e r e n t  v e l o c i t i e s  i s  c o n s i d e r e d  i n  d e t a i l  i n  

S e c t i o n  3 .  L e a s t  s q u a r e s  a n a l y s i s  o f  mass d i s t r i b u t i o n s  a t  

1 6  d i f f e r e n t  v e l o c i t y  i n t e r v a l s  i n d i c a t e s  t h a t  t h e  c u m u l a t i v e  

d i s t r i b u t i o n  i s  p r o p o r t i o n a l  t o  t h e  - 1 power o f  t h e  m e t e o r  

m a s s .  T h i s  i s  somewhat l o w e r  t h a n  t h e  - 1.34 power o b t a i n e d  

by Hawkins and Upton.  The c o n s t a n t  o f  p r o p o r t i o n a l i t y  i s  t h e n  

, d e t e r m i n e d  from e a r l i e r  work (Hawkins and Upton, 1 9 5 8 ) .  

I n  S e c t i o n  4 o f  t h i s  p a p e r ,  we t r e a t  t h e  v e l o c i t y  

d i s t r i b u t i o n  o f  t h e  m e t e o r  sample .  The q u a l i t a t i v e  form o f  

t h e  d i s t r i b u t i o n ' i s  d i s c u s s e d  i n  t e r m s  o f  a s i m p l e  t h e o r e t i c a l  

model .  R e s u l t s  from t h i s  s e c t i o n  a r e  t h e n  employed t o  d e r i v e  

a s e m i - e m p i r i c a l  v e l o c i t y  d i s t r i b u t i o n  which i s  a n a l y t i c a l l y  

d e f i n e d  w i t h  a  l e a s t  s q u a r e s  f i t .  Next a  j o i n t  mass and 

v e l o c i t y  d i s t r i b u t i o n  i s  o b t a i n e d  f o r  t h e  f i r s t  t i m e  which 

p e r m i t s  t h e  a n a l y t i c a l  e s t i m a t i o n  o f  v a r i o u s  d e r i v e d  q u a n t i t i e s .  



In.  S e c t j - o n  5 we c o n s i d e r  t h e  d i s t r i b u t i o n  o f  p h o t o -  

g r a p h i c  m a g n f t u d e s  o f  t h e  McCrosk y and  Posen  m e t e o r s .  A s i m p l e  
' I  m a t h e m a t i c a l  t r e a t m e n t  i n d i c a t e s  2 m s s  i n f l u x  r a t e  i n  c o m p l e t e  

q ' u a l 5 t a t i v e  a g r e e m e n t  v i i th  t h e  r e s u l t s  o f  o u r  l e a s t  s c lua re s  ! 

1 

E n g i n e e r i n g  a p p l - i c a t i o n s  o f  t h e  r e s u l t s  a r e  d i s c u s s e d  

i n  S c c t i o n  6 ,  The a v e r a g e  m e t e o r  v e l o c i t y  i s  f o u n d  t o  be 2 0  Xm/sec. 

T h e  p e n e t r a t j o n  f l u x  i s  c a l c u l a t e d  and  compared w i t h  o t h e r  e s t i -  

m a t e s .  F i n a l l y ,  a  b r i e f  d i s c u s s i o n  o f  t h e  momentum i n f l u x  a n d  

g r a v i t a t i o n a l  f o c u s i n g  a r e  i n c l u d e d .  

2 ,  'Trea tment  o f  t h e  D a t a  - 

The 2 5 2 9  m e t e o r s  whose o r b i t a l  e l e m e n t s  were  p u b l i s h e d  

by NcCroslc y  and  Posen  ( 1 9 6 1 )  i n c l u d e  t h e  355 m e t e o r s  p r e c i s e l y  

r e d u c e d  by J a c c h i a  and  115  shower  m e t e o r s  t h a t  were  p a r t i a l l y  

r e d u c e d  by t h e  g r a p h i c a l  method.  S i n c e  t h i s  a n a l y s i s  w i l l  b e  

c o n c e r n e d  w i t h  s p o r a d i c  m e t e o r s  o n l y ,  t h e s e  1 1 5  m e t e o r s  a s  w e l l  

as any a d d i t i o n a l  shower  m e t e o r s  i n  t h e  sample  have  b e e n  o m i t t e d ,  
I 

M e t e o r s  whose m a s s e s  have  n o t  been  d e t e r m i n e d  a r e  a l s o  e x c l u d e d ;  

t h e  r e s u l t  i s  a sample  o f  2 ,039  s p o r a d i c  m e t e o r s .  I 
t 

The masses  o f  t h e  McCrosk y and  Posen  m e t e o r s  have  
1 

i 
b e e n  computed w i t h  t h e  u s e  o f  t h e  f o r m u l a *  

f 

wherc rn i s  t h e  m e t e o r  mass ,  T a c o n s t a n t ,  c a l l e d  t h e  l u m i n o u s  
0 

e f f i c i e n c y ,  T i s  t h e  l i f e t i m e  o f  t h e  m e t e o r  and  I i s  t h e  i n t e n s i t y  

o'f l i g h t  e m i t t e d .  I 

3+ 
The f o r m u l a  a c t u a l l y  u s e d  i s  a n  a p p r o x i m a t i o n  t o  E q .  2 . 1  

p r o p o s e d  b y  Flawkins ( 1 9 5 7 )  f o r  d a t a  r z d u c t i o n  p u r p o s e s .  



The v a l u e  of  r o  h a s  r e c e n t l y  been r e v i s e d  by V e r n i a n i  

-1 9  (19611); t h e  new v a l u e  ( r o  = 1 0  c . g . s . )  i s  - o f  t h e  o l d  
6 . 4 6  

v a l u e  w i t h  an e s t i m a t e d  u n c e r t a i n t y  of t h e  o r d e r  o f  2. The 

m a s s e s  o f  t h e  McCrosk y  and Posen m e t e o r s  g i v e n  by Eq. 2 . l . w i t h  

t h e  o l d  v a l u e  o f  r o  have  been  m u l t i p l i e d  h e r e  by 6 .46 i n  o r d e r  

t o  make them c o i n c i d e  w i t h  t h e  more r e c e n t  mass s c a l e .  A l l  

m a s s e s  q u o t e d  i n  t h i s  p a p e r  a r e  i n  a c c o r d a n c e  w i t h  t h e  new v a l u e  of T o a  

I n  what f o l l o w s ,  a  method o f  a n a l y s i s  s u g g e s t e d  by 

Orrok (1964)  i s  employed inasmuch a s  t h e  d a t a  a r e  s e p a r a t e d  

i n t o  g r o u p s  o f  d i f f e r e n t  mass and v e l o c i t y  r a n g e s .  T h i s  t h e n  

p e r m i t s  a  s t u d y  o f  mass d i s t r i b u t i o n s  a t  c o n s t a n t  v e l o c i t y  and 

v e l o c i t y  d i s t r i b u t i o n s  a t  c o n s t a n t  mass .  The d a t a  have  been  

d i v i d e d  i n t o  20 l o g a r i t h m i c a l l y  e q u a l  v e l o c i t y  i n t e r v a l s  and 26 

l o g a r i t h m i c a l l y  e q u a l  mass i n t e r v a l s .  

The g r o s s  f e a t u r e s  o f  t h e  mass d i s t r i b u t i o n  a s  a  

f u n c t i o n  o f  v e l o c i t y  a r e  summarized i n  F i g .  l which i s  a  p l o t  

o f  t h e  me teor  masses  v e r s u s  f r e q u e n c y  on a  doub ly  l o g a r i t h m i c  

p l o t .  The o u t e r m o s t  c u r v e  r e p r e s e n t s  a l l  t h e  m e t e o r s ;  e a c h  

s u c c e s s i v e  p l o t  i s  o b t a i n e d  by s u b t r a c t i o n  o f  s u c c e s s i v e  

v e l o c i t y  g roups  from t h e  t o t a l ,  a s  i n d i c a t e d .  It can b e  s e e n  

t h a t  e a c h  group o f  m e t e o r s  h a s  a  s i m i l a r  d i s t r i b u t i o n .  The 

number o f  .meteors  i n  a  g i v e n  v e l o c i t y  g r o u p  f i r s t  i n c r e a s e s  

- ( f r o m  r i g h t  t o  l e f t ,  i n  t h e  f i g u r e )  w i t h  d e c r e a s i n g  mass,  

r e a c h e s  a  peak and t h e n  d i m i s h e s  a g a i n  becoming n e g l i g i b l e  f o r  
-6 masses  s m a l l e r  t h a n  1 0  Kg. 

I 

T r e a t i n g  t h e  d a t a  i n ' a  d i f f e r e n t  manner,  Orrok (1964)  

h a s  a l s o  o b s e r v s d  t h e s e  f e a t u r e s ;  i r ,  what f o l l o w s ,  o u r  d i s c u s s i o n  

c o n c u r s  t o  a l a r g e  e x t e n t  w i t h  t h a t  o f  Or rok .  



The i n c r e a s e  i n  t h e  number o f  m e t e o r i  w i t h  d e c r e a s i n g  

mass ( r i E h t  hand  s i d e  o f  t h e  f i g u r e )  i s  t o  be  a t t r i b u t e d  t o  t h e  

n a t u r a l  d i s t r i b u t i o n  o f  m e t e o r s .  Iz i s  g e n e r a l l y  assumed t h a t  

r ;~c t ?o r  m ~ s s e s  a r e  d i s t r i b u t e d  a c c o r > d i n g  t o  a n  e x p o n e n t i a l  l aw ,  

o f  "Le  f o rm  

where  P (m)dm i s  t h e  number o f  m e t e o r s  h a v i n g  a mass be tween  m m 
and m -1 dm, A and c a r e  c o n s t a n t s  a n d  m i s  t h e  m e t e o r  mass. 

A c c o r d i n g l y ,  t h e  a p p r o x i m a t e l y  l i n e a r  r i s e  i n  t h e  mass d i s t r i -  

b u t i o n  ( f r o m  r i g h t  t o  l e f t  on t h e  f i g u r e s )  i s  due  t o  a m e t e o r  

mass d i s t r i b u t i o n  of  t h e  form E q .  2 . 2  . 

The " b e n d i n g  o v z r "  o f  t h e s e  c u r v e s  ( g o i n g  f r o m  r i g h t  

t o  l e f i  on  t h e  d i a g r a m )  i s  t h e  r e s u l t  o f  i n s t r u m e n t a l  s e l e c t i o n  

e f f e c t s .  The b r i g h t n e s s  o f  t h e  m e t e o r  t r a i l  on  t h e  p h o t o g r a p h i c  

p l a t e  i s  a  f u n c t i o n  o f  t h e  m e t e o r  mass and  v e l o c i t y  a s  w e l l  a s  

o t h e r  p a r a m e t e r s .  A s  t h e  b r i g h t n e s s  o f  t h e  'image becomes com- 

parable t o  t h e  s t e l l a r  background  on  t h e  p h o t o g r a p h i c  p l a t e ,  a n  

i n c r e a s i n g  number o f  f a i n t  m e t e o r s  w i l l  e s c a p e  d e t e c t i o n .  

E v e n t u a l l y ,  f o r  smal l ,  enough m e t e o r s ,  t h e  image i s  s o  f a i n t  t h a t  

i t  i s  l o s t  t o  t h e  background  a l t o g e t h e r .  

An i n t e r e s t i n g  f e a t u r e  o f  t h e  c u r v e s  i n  F i g .  1 i s  

t h a t  t h e  mass v a l u e  a t  which  t h e  d i s t r i b u t i o n  c u r v e  "bends  o v e r "  

( f r o m  r i g h t  t o  l e f t )  d e c r e a s e s  w i t h  i n c r e a s i n g  v e l o c i t y .  More 

specifically, i n  t h e  mass r a n g e  o f  t o  l o w 3  Kg, t h e  c u r v e  

representing al.1 m e t e o r s  i s  s o  h e a v i l y  i n f l u e n c e d  by i n s t r u m e n t a l  

s e l e c t i o n  t h a t  no  m e a n i n g f u l  d i s t r i b u t i o n  can  b e  d e f i n e d .  A t  

higher v e l o c i t i e s ,  however ,  a n  a p p r o x i m a t e  p o x e r  law mass d i s t r i -  

bution i s  e v i d e n t  i n  t h i s  same mass r a n g e .  F u r t h e r m o r e ,  t h e  m a s s e s  

o f  t h c  s r n a l l e r  m c t e o r s  ( a t  h i g h e r  v e l o c i t i e s )  a p p e a r  t o  b e  d i s t r i -  

b u t e d  w i t h  t h e  sacie s l o p e  ( o n  l o g - l o g  p l o t ) ,  b u t  a t  m a s s z s  i n  



e x c e s s  o f  l o w 3  Kg, a b r e a k  i n  t h e  s l o p e  may be p r e s e n t  d e f i n i n g  

a " s h a l l o r ~ ~ e r "  d i s t r i b u t i o n  f o r  t h e  h e a v i e r  m e t e o r s .  

The v e l o c i t y  d i s t r i b u t i o n  o f  t h e  m e t e o r s  i s  p l o t t e d  

i n  F i g .  2 .  Meteors  w i t h  d i f f e r e n t  mass r a n g e s  a r e  p l o t t e d , .  i n  
t h i s  f i g u r e ,  a s  a f u n c t i o n  o f  v e l o c i t y .  It  can be  s e e n ,  from t h e  

f i g u r e ,  t h a t  t h e  h e a v i e r  m e t e o r s  have s i m i l a r  v e l o c i t y  d i s t r i b u -  

t i o n s  w h i l e  t h e  l i g h t e r  m e t e o r s  a r e  c l u s t e r e d  i n t o  t h e  h i g h  v e l o c i t y  
. , 

r e g i o n .  T h i s  t endency  g i v e s  a  t o t a l l y  d i f f e r e n t  number v s .  

v e l o c i t y  d i s t r i b u t i o n  f o r  t h e  whole sample  t h a n  i s  o b s e r v e d  f o r  

t h e  h e a v i e r  m e t e o r s  which have a  s u f f i c i e n t l y  b r i g h t  t r a i l  t o  

b e  d e t e c t e d  a t  low v e l o c i t i e s .  

The c l a i m  i s  now i n t r o d u c e d ,  t h a t ,  t o  a  good f i r s t  

a p p r o x i m a t i o n ,  t h e  d i f f e r e n c e s  i n  t h e  s h a p e  o f  t h e  number 

d i s t r i b u t i o n  a s  'a  f u n c t i o n  o f  mass o r  v e l o c i t y  ( F i g .  1 and 2 )  
f o r  d i f f e r e n t  g r o u p s  i s  n o t  a  r e a l  e f f e c t  b u t  i s  due t o  i n s t r u -  

m e n t a l  s e l e c t i o n ,  a s  h a s  been p o i n t e d  o u t  e a r l i e r .  T h i s  means 

t h a t  t h e  c u r v e s  i n  F i g .  1 a r e  t a k e n  t o  r e p r e s e n t  t h e  t r u e  

d i s t r i b u t i o n s  ( w i t h o u t  r e q u i r i n g  c o r r e c t i o n s )  f o r  a  g i v e n  

v e l o c i t y  group down t o  t h a t  v a l u e  o f  t h e  mass a t  which m e t e o r s  

a r e  b e g i n n i n g  t o  e s c a p e  d e t e c t i o n  on t h e  p h o t o g r a p h i c  p l a t e .  

S i m i l a r l y ,  on F i g .  2, we c l a i m  t h e  c u r v e s  t o  r e p r e s e n t  t h e  

t r u e  v e l o c i t y  d i s t r i b c t i o n s  f o r  a  g i v e n  mass g roup  where f o r  

t h e  s m a l l e r  mass g r o u p s  a  minimum v e l o c i t y  e x i s t s  a t  which t h e  

d e t e c t i o n  o f  t h e  m e t e o r  t r a i l s  i s  no l o n g e r  a s s u r e d .  Using 

t h i s  model ,  we s h a l l  p r o c e e d  i n  c o n s t r u c t i n g  a d i s t r i b u t i o n  

f u n c t i o n  

( 2 . 3 )  f (m,v)dmdv = fm(m) f V ( v )  dmdv 
m,v 

where f (m,v) i s  t h e  number o f  m e t e o r s  h a v i n g  a mass between 
m>v 

m and rn + dm and v e l o c i t y  between v  and v  + dv .  f,(rn) and f v ( v )  



a r e  i n d e p e n d e n t  d i s t r i b u t i o n  f u n c t i o n s  o f  t h e  mass and  v e l o c i t y ,  

r e s p e c t i v e l y .  We f o l l o w  u s u a l  p r a c t i c e  i n  a s s u m i n g  f u r t h e r  t h a t  I 

the mass d i s t r i b u t i o n  fm(m) i s  g i v e n  by t h e  s i m p l e  power law, 
E c ,  2,2 . i 

i 
I 

3 .  Mass - D i s t r i b u t i o n  

I n  t h i s  s e c t i o n ,  we sha l . 1  d e t e r m i n e  t h e  v a l u e s  o f  

tilt e ~ n s t a n t s  i n  t h e  mass d i s t r i b u t i o n  f m ( m ) .  T h i s  w i l l  b e  1 
i 

a c c o ~ r p l i s h e d  by a  l e a s t  s q u a r e s  f i t  t o  t h e  d a t a .  We u s e  1 6  i 
o f  t h e  2 0  d i f f e r e n t  v e l o c i t y  g r o u p s ;  f o u r  g r o u p s  do n o t  c o n t a i n  ; 
enough  m e t e o r s  t o  be  s t a t i . s t i c a l l y  s i g n i f i c a n t  a n d  t h e y  b e l o n g  

t o  v e l o c i t i e s  e i t h e r  l e s s  t h a n  t h e  E a r t h  e s c a p e  v e l o c i t y  o f  I 
I 

1 1 . 2  Krn/sec o r  i n  e x c e s s  o f  t h e  s o l a r  e x c a p e  v e l o c i t y  o f  72 Km/sec. 
1 
I 

McCrcskey and Posen  a t t r i b u t e  t h e i r  p r e s e n c e  t o  e x p e r i m e n t a l  i 
I 
I 

e r r o r s  i n  t h e  r e d u c t i o n  p r o c e s s .  I I 

F i g u r e  3 t h r o u g h  1 8  a r e  p l o t s  o f  t h e  m e t e o r s  u n d e r  
! d 5 s c u s s i o n .  I t  can  b e  s e e n  t h a t  a s  t h e  v e l o c i t y  i n c r e a s e s ,  t h e  
1 

d i s t r i b u t i o n  i n c l u d e s  more l i g h t  m e t e o r s  a n d  l e s s  heavy o n e s .  
! 

T h i s  i m p l i e s  ( c f . ,  F i g .  2 )  t h a t  t h e . t r u e  m e t e o r  d i s t r i b u t i o n  

d:iniinj.shes a t  h i g h e r  v e l o c i t i e s .  The r e l a t i v e  p a u c i t y  o f  

small mass m e t e o r s  a t  low v e l o c i t i e s  c a n  b e  a t t r i b u t e d  t o  

d i f f i c u l t i e s  o f  t h e i r  d e t e c t i o n .  
# 

i 
The number o f  m e t e o r s  i n  e a c h  mass r a n g e  e l e m e n t  i s  i 

i n d i c a t e d  by t h e  h i s t o g r a m s .  S i n c e  t h e s e  p l o t s  a r e  l o g a r i t h m i c ,  
t 

the d i s t r i b u t i o n  f u n c t , i o n  f  (m) d o e s  n o t  c o i n c i d e %  w i t h  t h e  
/ 

111 i 
h i s t o g r a m s  and  i.ts v a l u e  a t  e a c h  i n t e r v a l  i s  i n d i c a t e d  by s o l i d  ! 

0 

b l a c k  c i r c l e s .  Each " s t e p f '  o f  t h e  h i s t o g r a m  i s  t h e  i n t e g r a l  o f  
/ I 

1 

- I 
i ! 

T h i s  c a n  be  s e e n  by r e c a l l i n g  t h a t  f  m (rn)drn i s  t h e  number . 

o f  m a t e o ~ ~ s  h a v i n g  a  mass be tween m and  m f dm a n d  t h a t  on o u r  I 
l o ~ a r i t h i l l i c  p l o t  t h e  r a t i o s  o f  a d j a c e n t  mass i n t e r v a l s  a r e  e q u a l  i 

bur n o t  t h e  mass i n t e r v a l s  t h e m s e l v e s .  



f,(m) o v e r  t h e  r e s p e c t i v e  e l e m e n t a l  mass r a n g e .  Tak ing  

t h e  number of  m e t e o r s  h a v i n g  a  mass1 between m and m2 i s  1 

- a t 1  = c o n s t a n t  x  ml 

s i n c e  m1/m2 i s  c o n s t a n t  f o r  a  l o g a r i t h m i c a l l y  e q u a l l y  d i v i d e d  

mass s c a l e .  Eq.  3 . 2  t h e n  r e p r e s e n t s  t h e  h i s t o g r a m s .  

The s t r a i g h t  l i n e  t h r o u g h  t h e  f i g u r e s  i s  a  l e a s t  

s q u a r e s  f i t  t o  t h e  d a t a  o f  Eq.  3 . 2  . The number r e f e r r e d  t o  

a s  " s l o p e t 1  i s  t h e  q u a n t i t y  1-a and i s  g i v e n  f o r  e a c h  v e l o c i t y  

i n t e r v a l .  

By " r a n g e  o f  f i t "  we T n d i c a t e  t h e  mass r a n g e  o v e r  which 

t h e  d a t a  have  been f i t t e d ,  t o g e t h e r  w i t h  t h e  number o f  m e t e o r s  
u s e d .  The dashed  h o r i z o n t a l  l i n e  i n d i c a t e s  t h e  e x t e n t  o f  a  

second  r a n g e  o v e r  which a  l e a s t  s q u a r e s  program h a s  been c a r r i e d  

- o u t  where most o f  t h e  i n f r e q u e n t  heavy m e t e o r s  have  been r e j e c t e d .  

T h i s  second l e a s t  s q u a r e s  program i s  o f  an  a u x i l i a r y  n a t u r e  and 

w i l l  be used o n l y  t o  e s t i m a t e  t h e  u n c e r t a i n t y  i n  o u r  r e s u l t s .  

The a v e r a g e  v e l u e  o b t a i n e d  f o r  t h e  s l o p e ,  a-1,  i s  

.93 + - . 1 5 .  The s l o p e s  f o r  i n d i v i d u a l  v e l o c i t y  c l a s s e s  a r e  

p l o t t e d  a g a i n s t  v e l o c i t y  i n  F i g .  1 9  t o g e t h e r  w i t h  t h e i r  s t a n d a r d  

e s t i m a t o r s  o f  e r r o r .  It  can be  s e e n ,  from t h i s  f i g u r e ,  t h a t  

t h e  s l o p e s  a r e  d i s t r i b u t e d  f a i r l y  randomly w i t h  t h e  v e l o c i t y .  



The s e c o n d  l e a s t  s q u a r e s  p rog ram,  whe re  mos t  o f  t h e  heavy  a n d  

l e s s  nurnerous m e t e o r s  have  b e e n  e x c l u d e d ,  y i e l d e d  ar. a v e r a g e  

s l o p e  o f  1 . 0 6  4. .O5. We, t h e r e f o r e ,  r o u n d  o f f  upwards  t h e  v a l u e  - 
% 

o f  0-1 t o  g i v e  u - 1  = 1. Whence, t h e  mass d i s t r i b u t i o n  becomes 

-2  
( 3 . 3 )  fm = m x c o n s t a n t  

and  t h e  c o n v c n t i . o n a l l y  q u o t e d  c u m u l a t i v e  mass  d i s t r i b u t i o n  i s  

(3.!1) log N = - l o g  m + B 

w i t h  a n  u n c e r t a i n t y  o f  a b o u t  1 0 %  i n  t h e  s l o p e .  

To d e f i n e  t h e  v a l u e  o f  t h e  n o r m a l i z a t i o n  c o n s t a n t  B ,  

we s h a l l  f o l l o w  fIawlcins and  Upton ( 1 9 5 8 ) .  T h e s e  a u t h o r s  e s t i m a t e d  

t h e  nlcan r a t e  o f  o b s e r v i n g  s p o r a d i c  m e t e o r s  a t  2 . 6 5  p e r  h o u r  and  
2 a eo3 l e c t i o n  a r e a  of  5 ,980  Ym f o r  t h e  Supe r -Schmid t  c a m e r a s .  r/!hile 

t h e s e  a u t h o r s  do  n o t  d e f i n e  t h e  u n c e r t a i n t y  i n  t h i s  e s t i m a t e ,  t h e  

a p p r o x i m a t e l y  s i n u s o i d a l  d i u r n a l  v a r i a t i o n  (Hawkins a n d  Up ton ,  1 9 5 8 )  

l e a d s  o n e  t o  e x p e c t  a r o o t  mean s q u a r e  d e v i a t i o n  o f  t h e  o r d e r  o f  30% 

The t o t a l  n u n ~ b e r  o f  m e t e o r s  u s e d  h e r e  i s  2 , 0 5 9 .  T h i s  

numbcr i n c l u d e s  1 3 2  m e t e o r s  w i t h  a mass  e q u a l  t o  o r  l a . r g e r  t h a n  

l , ~ - ~  Kg ( i . e . ,  1 gm). Hence t h e  v a l u e  o f  B i s  

and  t h e  c u m u l a t i v e  f l u x  i s ,  

( 3 * 6 )  log N = - 1 o g . m  - 1 7 . 1 0  

i n  rdlL'3 u n i t s .  



We have p l o t t e d ,  i n  F i g .  20 ,  ' t h e  r e s u l t  of t h e  l e a s t  

s q u a r e s  e s t i m a t e s  Eq.  3 .6 ,  t o g e t h e r  w i t h  e a r l i e r  e s t i m a t e s  'of  

t h e  c u m u l a t i v e  f l u x .  The c u r v e  marked Whipple,  r e p r e s e n t  

Whipple ' s  (1963 ) c u m u l a t i v e  f l u x  model 

.44 l o g  N = - 1 . 3 4  l o g  m - 1 8 . 5  + 2 .68  l o g  

where P i s  t h e  s p e c i f i c  g r a v i t y .  o f  t h e  m e t e o r .  F i g .  20 c o n t a i n s  

a  p l o t  o f  Eq. 3 . 7  w i t h  p = . 4 4 .  The c u r v e ,  l a b e l e d  Dohnanyi (19659 

i s  a n  e x t r a p o l a t i o n  o f  D o h n a n y i f s  e s t i m a t e ,  b a s e d  m a i n l y  on 

s a t e l l i t e  and r a d a r  d a t a  and i s  g i v e n  by 

It can be s e e n ,  from t h e  f i g u r e ,  t h a t  o u r  l e a s t  s q u a r e s  f i t  

a g r e e s  e x c e l l e n t l y  w i t h  t h e  e x t r a p o l a t i o n  o f  Dohnany i ' s  1965  

e s t i m a t e ,  t h e  l a t t e r  b e i n g  s l i g h t l y  h i g h e r . '  I n  view of  t h e  

uncer t a i11f ; i e s  i n  Dohnanyi 's  e s t i m a t e  (Dohnanyi ,  1 9 6 5 ) ,  however,  

t h i s  ag reement  i s  somewhat f o r t u i t o u s .  Good q u a n t i t a t i v e  a g r e e -  

ment e x i s t s  between t h e  l e a s t  s q u a r e s  f i t  and W h i p p l e ' s  1963  

e s t i m a t e  f o r  P = . 4 4  and a  mass r ange  o f  a b o u t  t o  1 0  -3 .5  
Kg - 

The q u a l i t a t i v e  ag reement  i s ,  however,  p o o r  b e c a u s e  o f  t h e  d i f f e r -  

' e n t  c o e f f i c i e n t s  f o r  l o g  m a s  g i v e n  i n  Eq. 3.6 and 3 .7  . The 

l e a s t  s q u a r e s  f i t  i s  low compared w i t h  I ih ipp le  (1963)  f o r  p = .44 
and mass s m a l l e r  t h a n  a b o u t  1 0  - 4 ' 5  Kg and i s  h i g h  f o r  masses  

l a r g e r  t h a n  a b p u t  Kg. 



4 -1 Emipi r ica l  -- D i s t r i b u t i o n  - - 

' We s h a l l ,  i n  t h i s  s e c t i o n ,  d i s c u s s  two p r o b l e m s  r e l a t e d  

h 7 i t h  t h e  v e l o c i t y  d i s t r i b u t i o n .  Us ing  t h e  r e s u l t s  o f  t h e  p r e v i o u s  
I 

s e c t i o n ,  we sha l . 1  f i r s t  c o r r e c t  t h e  v e l o c i t y  d i s t r i b u t l o n  f o r  j 

i 
i n s t r u m e n t a l  e r r o r  and  d e f i n e  t h e  r e s u l t i n g  model d i s t r i b u t i o n  

a n a l y t i c a l l y .  ~ i n a 1 . l ~ ~  i n  S e c t i o n  4 . 2 ,  t h e  t h e o r e t i c a l  s i g n i f -  

i.ea.?ice o f  t h e  d i s t r i b u t i o n  i s  d i s c u s s e d .  

I n  t h e  p r e v i o u s  s e c t i o n ,  t h e  s e m i - e m p i r i c a l  f o r m u l a  

-2 
( I !  -2 -1  f (m)drn c o n s t a n t  rn dm m 

was o b t a i n e d ,  where dN i s  t h e  number o f  m e t e o r s  ha.vi.ng a mass 

be tween m and  m t- dm. Assuming t h a t  t h i s  i s  t h e  t r u e  ma.ss 

d i s t r i b u t i o n  f o r  e a c h  o f  t h e  v e l o c i t y  i n t e r v a l s  u s e d ,  o n e  c a n  

w r i t e ,  f o r  t h e  j th  v e l o c i t y  i n t e r v a l  

2  
(4 * ? I  - 2 - 1 N , , ~  = c o n s t a n t  m dm = c  m 

2 1 

Ilcrc: N12 ' i s  t h e  number o f  m e t e o r s  u s e d  f o r  t h e  e m p i r i c a l  f i t  
t h  kiaving masses  be tween ml anci m2 Kg i n  t h e  j- v e l o c i t y  i n t e r v a l .  

r i "i Lhen t h e  i n t e g r a l  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  o v e r  t h e  

t i1 v e l o c i t y  i n t e r v a l .  S i n c e  N12, ml a n d  m2 a r e  known, we c a n  " 
i 

o b t a i n ,  e m p i r i c a l l y ,  t h e  q u a n t i t i e s  c  
2 .  

The r e s u l t  i s  p l o t t e d  

2, FLgure 2 1  where t h e  s o l i d  c u r v e  i s  a  p l o t  o f  t h e  q u a n t i t i e s  
I 
i 

e . ,  I t  can  be  s e e n ,  f rom t h e  f i g u r e ,  t h a t  s t a r t i n g  w i t h  E a r t h  
"I 

e s c a p e  v e l o c i t y ,  t h e  number o f  m e t e o r s  ( a t  c o n s t a n t  m a s s )  i n c r e a s e s  
i 

v r i t i i  the v e l o c i t y .  I t  r e a c h e s  a  p e a k  v a l u e  i n  t h e  v e l o c i t y  i n t e r -  

val o f  16.11 t o  1 8 . 4  Xm/sec a n d  t h e n  d e c r e a s e s  u n t i l  a v e l o c i . t y  o f  

;ibou.i; 116.1. Krn/sec i s  r e a c h e d .  A t  t h i s  v e l o c i t y ,  a change  i n  t h e  1 



d i s t r i b u t i o n  i s  i n d i c a t e d  u n t i l  t h e  r e t r o g r a d e  h y p e r b o l i c  v e l o c i t y  

a t  72  Krn/sec i s  r e a c h e d  (beyond  which  v e l o c i t y  n o  s t a t i s t i c a l l y  

s i g n i f i c a n t  number o f  m e t e o r s  i s  f o u n d ) .  

The d i f f e r e n t i a l  v e l o c i t y  distribution c a n  r e a d i l y  b e  

o b t a i n e d  by n o t i n g  t h a t  c  can  b e  w r i t t e n  a s  
j 

where f ( v )  i s  t h e  v e l . o c i t y  d i s t r i b u t i o n  f u n c t i o n .  F o r  a smal.1 

enough v e l o c i t y  i n t e r v a l ,  t h e  i n t e g r a l  i n  E q .  4 . 3  c a n  be w r j t t e n ,  

a p p r o x i m a t e l y ,  a s  ! 

j 3-1 
f ( v )  d v  = f ( V j )  - v . )  r f ( V . )  A V  

J J j 

where  7 i s  t h e  a v e r a g e  v a l u e  o f  v  o v e r  t h e  i n t e r v a l .  Whence, 
j 

f ( v )  c a n  be  e x p r e s s e d  a,s 

 h he v e l o c i t y  d i s t r i b u t i . o n  f ( v )  i s  p l . o t t e d  i n  F i g .  2 1  

as  a d a s h e d  c u r v e .  It  e x h i b i t s  t h e  same q u a l i t a t i v e  f e a t u r e s  

a*? t h e  d i s t r i b u t i o n  o f  t h e  q u a n t i t i e s  c  e x c e p t  t h a t  f ( v )  i s  
j ' 

s t e e p e r  i n  t h e  h i g h e r  v e l o c i t y  r e g i o n .  

F i g .  2 2  i s  a  p l o t  o f  t h e  q u a n t i t i e s  c  s o  n o r m a l i z e d  
j 

as t o  p r e s e n t  a  d i r e c t  b a s i s  f o r  c o n p a r i s o n  w i t h  t h e  McCroskey 

and  Posen  d a t a .  T h i s  h a s  been  accompl . i shed  w i t h  u s e  o f  E q .  4 . 2 .  



. . 
where  N i s  c a l c u l a t e d  as a f u n c t i o n  o f  t h e  q u a n t i t i e s  c f o r  

32 j i 
a g i v e n  m /m When m < < m  t h e n  Eq. 4 . 2  s i r f l p l i f i e s  t o  

1 2 '  1 2' L I  

I 

S i n c e  t h e  q u a n t i t i e s  c  h a v e  b e e n  d e t e r m i n e d  we c a n  
j 

c a l c u l a t e  t h e  t o t a l  number o f  m e t e o r s  N I 2  i n  a n  a r b i t r a r y  mass 

r a n g e  m t o  m a n d  v e l o c i t y  i n t e r v a l  j which  t h e  McCroskey and  
l 2 j 

Pose11 d a t a  s h o u l d  c o n t a i n  i f  a l l  f a i n t  m e t e o r s  would b e  d e t e c t e d .  I 

We u s e d  t h r e e  mass i n t e r v a l s ,  i . e . ,  m a s s e s  e q u a l  t o  
i 
I 

o r  l a r g e r  t h a n  2 . 8  x Kg, 6 . 1  x l o - '  Kg, a n d  lo-" Kg. The 
I 
I 

raw d a t a  ( c f . ,  F i g .  2 )  f o r  t h e s e  d i s t r i b u t i o n s  i s  a l s o  p l o t t e d  
I 

I 

i n  F i g .  3 2  fox7 c o m p a r i s o n .  Curves  r e p r e s e n t  t h e  McCroskey and  

Posen  d a t a  a n d  s o l i d  p o i n t s  r e p r e s e n t  t h e   cox>^-ected d i s t r i b u t i o n  
( E q .  4 . 6 )  c o n s i s t e n t  w i t h  o u r  m o d e l .  The t o t a l  number. o f  

McCroskey a n d  Posen  m e t e o r s  have  a l s o  been  p l o t t e d  f o r  c o m p a r i s o n .  

It  c a n  be  s e e n  t h a t  o u r  model  o v e r - e s t i m a t e s  t h e  number o f  heavy 

m c t e o r s  (mass  >. Kg) b u t  r e p r o d u c e s  t h e ' d i s t r i b u t i o n s  f o r  
'L 

s m a l l e r  m e t e o r s  r a t h e r  w e l l .  The d i s a g r e e m e n t  f o r  heavy  m e t e o r s  

Is n o t  s e r i o u s  i n  v i ew o f  t h e i r  s m a l l  number a n d  l o w e r  s t a t i s t i c a l  

s i g n i f i c a n c e .  A t  l o w  v e l o c i t i e s ,  o u r  c u r v e  i s  a b o u t  two t i m e s  
d 

h i g h e r  t h a n  t h e  a c t u a l l y  o b s e r v e d  number o f  m e t e o r s  w i t h  m a s s e s  

e q u a l  t o  o r  l a r g e r  t h a n  Kg. T h i s  we a t t r i b u t e  t o  t h e  f a c t  

t h a t  many m c t e o r s  i n  t h i s  r a n g e  a r e  n o t  d e t e c t e d .  

4 . 2  T h e o r e t i c a l  V e l o c i t y  -- D i s t r i b u t i o n  

I n  t h i s  s e c t i o n ,  a d i s c u s s i o n  o f  t h e  p h y s i c a l  meaning  

o f  t h e  v e l o c i t y  d i s t r i b u t i o n  i s  p r e s e n t e d .  More s p e c i f i c a l l y ,  

w i t h  t h e  u s e  o f  a  v e r y  s i m p l e  mode l ,  t h e  g r o s s  f e a t u r e s  o f  t h e  

v e l o c i t y  d i s t r i b u t i o n  a r e  r e p r o d u c e d .  



B E L L C O M M ,  I N C .  

The m e t e o r  v e l o c i t y ,  V ,  n e a r  t h e  ~ a r t h ' s  s u r f a c e  can  

b e  e x p r e s s e d  a s  

where  VG i s  t h e  g e o c e n t r i c  v e l o c i t y  o f  t h e  me teor  i n  Km/sec, i . e . ,  

VG i s  t h e  ve loc i . ty ,  a t  which t h e  m e t e o r  would b e  t r a v e l l i n g n e a r  

t h e  E a r t h ' s  s u r f a c e  if t h e  E a r t h  d i d  n o t  p o s s e s s  a  g r a v i t a t i o n a l  

f i e l d  (which a c c e l . e r a t e s  t h e  m e t e o r ) .  

The q u a n t i t y  VG can be e x p r e s s e d ,  i n  v e c t o r  n o t a t i o n ,  

as 

3 
where V, i s  t h e  h e l i o c e n t r i c  v e l o c i t y  o f  t h e  n i e t e o r ( i . e .  t h e  

I 1  

m e t e o r  v e l o c i t y  r e l a t i v e  t h e  s u n ) ,  bE i s  t h e  E a r t h ' s  h e l i o c e n t r i c  
I 

v e l o c i t y  and h a s  a  mean ( s c a l a r )  v a l u e  o f  2 9 . 8  Km/sec. It i s  I 

r e a d i l y  s e e n  t h a t  t h e  s c a l a r  v a l u e  o f  VG i s  g i v e n  by 

where 4 i s  t h e  a n g l e  between gH and gE ( i . e . ,  ( i s  t h e  complement 

o f  t h e  d e c l i n a t i o n ) .  fl 

Two c a s e s  can  a t  once  be  d i s t i n g u i s h e d :  when 4 < g o 0 ,  
, 

t h e  me teor  moves a round  t h e  sun  i n  t h e  same s e n s e  a s  t h e  E a r t h  

and  i t s  mot ion  i s  known a s  d i r e c t ;  when + > go0, t h e  me teor  

moves a r o u n d  t h e  s u n  i n  a  s e n s e  o p p o s i t e  t o  t h e  E a r t h ' s  mot ion  

2 -  i ts  mot ion i s  c a l l e d  r e t r o g r a d e .  



I 

B E L L C O M M ,  I N C .  - 15  - 

The q u a n t i t i e s  on  t h e  r i g h t  hand  s i d e  o f  E q .  4 . 2 . 3  

car; now b e  e x p r e s s e d  i n  t e r m s  o f  o r b i t a l  p a r a m e t e r s : "  

I 
l-e \ = VE "2 - - 1  

i P 
\ i" 

L I ~ C I L  c i s  t h e  e c c e n t r i c i t y  of  t h e  o r b i t  a n d  p  i s  t h e  p e r i h e l i o n  

d l s % a n c e  ( i n  a s t r o n o m i a l  u n i t s ) .  T h e s e  f o r m u l a e  a r e  v a l i d  i f  

t h e  o r b i t a l  i n c l i n a t i o n  i s  z e r o  ( i . e . ,  t h e  m e t e o r  o r b i t  i s  i n  

tkjc ecliptic). The + s i g n  i s  t o  be  u s e d  f o r  d i r e c t  o r b i t s  a n d  

',he - s - ~ g n  f o r  r e t r o g r a d e  o r b i t s .  R e s t ~ i c t i n g  t h e  i n c l i n a t i o n  

' 5 0  0' i s  n o t  an  u n t e n a b l y  s e v e r e  c o n d i t i o n  s i n c e  most  o f  t h e  

~ n e t c o r s  have  s m a l l  i n c l i n a t i o r l s  (McCrosltey and  Posen ,  1 9 6 1 )  . 

S u b s t i t u t i o n  of  Eq. 4 . 2 . 4  i n t o  Eq .  4 . 2 . 3  g i v e s ,  f o r  

d i r e c t  o r b i t s :  

C o n s i d e r  t h e  f a m i l y  o f  m e t e o r  o r b i t s  w i t h  p  e q u a l  t o  

.I,A,U.; Eq, 11.2.5 t h e n  becomes 

?c 
F o r  a d e r i v a t i o n ,  s e e ,  e . ~ . ,  G o l d s t e i n  ( 1 9 5 1 ) .  



. , 
T h e s e  m e t c o r s  may c o l l i d e  w i t h  t h e  E a r t h  a t  any  a n g l e  4 < 90' -- i 

a n d  t h e i r  o r b i t  may i n t e r s e c t  t h e  E a r t h ' s  o r b i t  a t  a s  many a s  

t h r e e  p o j . n t s  ( d c p c n d i n g  o n  t h e  e c c e n t r i c i t y ) .  
i 

' I  
I 

I 
We n o t j c c ,  f rom E q .  4 . 2 . 6  t h a t  VG = 0  when e=O I n -  1 

d j c a t i n e  ' t h a t  i n  t h i s  c a s e  t h e  m e t c o r  and  E a r t h  o r b i t  coincide, 
2 

1 

a s  t h e y  s l ~ o u l c l .  We f u r t h e r  n o t i c e  t h a t  VG i n c r e a s e s  when e  1 

j .ncr.t?ascs and  r c a c ~ l c s  a maxlmura v a l u e  
1 
i 

w11cn e = l .  S i n c e  c > 1 r e p r c s c n t s  l r lc tcors  corning i n  frorri ou t s idc :  

o f  t h c  :;ol.ar s y s t e n ~  a n d  s i n c e  no c o n c l u s i v e  c v i d e n c c  h a s  e v e r  

b e e n  p r c s c n t c d  r e g a r d i n g  t h e  e x i s t e n c e  o f  s u c h  m e t e o r s ,  rre s h a l l  

o n l y  c o n s i d e r  o r b i t s  f o r  which  e  2 1. 

Knowl.cdgc o f  t h e  d i s t r i . b u t i o n  o f  e c c e n t r i . c i t j . e s  e  now 
i 

p e r m i t s  u s  t o  c a l . c u l a t e  t h e  d i s t r i b u t i o n  o f  g e o c e n t r P c  ve1oci.t l .c:;  
i 

d u e  t o  t h i s  c l a c s  o f  m e t e o r s .  1 
i 
I 

C o n s i c l c r a t i o n  o f  t h e  d a t a  i n d i c a t e s ,  as h a s  been  p o i n t e d  1 
o u t  by McCrosk y a n d  P o s e n ,  t h a t  t h e  e c c e n t r i c i t i e s  a r e  d i s t r i b u t e d ,  I 

* 

appl -oxin ia tc ly  as 8 

(11.2.8) f e ( e )  = c o n s t a n t  x  e  f o r  e  5 1 

8 

1 r 
where  f e ( e )  i s  t h e  d i s t r i b u t i o n  f u n c t i o n  o f  e c c e n t r i c i t i e s ,  i . e . ,  

f ( e ) d e  i s  t h e  number o f  m e t e o r s  h a v i n g  e c c e n t r i c i t i e s  be tween  e  

e  a n d  e  + d e .  



Given  f e ( e ) ,  we now d e f i n e k  t h e  d i s t r i b u t i o n  f u n c t i o n  

fG(VG) of  VG* 

2  

9 f G ( V G )  = - + 2  v~ x c o n s t a n t  
v~ 

v a l i d  f o r  

The c o r r e s p o n d i n g  d i s t r i b u t i o n  o f  t h e  E a r t h  entr .y  

v e l o c i t y  o f  t h e  m e t e o r s  i s  t h e n  

I 
2 I 

(4.2.11) f v ( V )  = V 
I 

x c o n s t a n t  
I 

valid i n  t h e  r e g i o n  

, k i k l e r e  V i s  e x p r e s s e d  i n  Km/sec. 

It  c a n  be  s e e n ,  f rom E q .  4 . 2 . 1 1  t h a t  fv(V) = 0 when 

V = 1 1 . 2  a n d  t h e n  i n c r e a s e s  w i t h  V ,  r e a c h i n g  i t s  l a r g e s t  v a l u e  

a t  t h e  c u t o f f ,  i . e . ,  a t  V = 1 6 . 6  . 

?t 
S e e  Appendix A f o r  d e t a i l s .  



We now c o n s i d e r  t h e  d i s t r i b u t i o n  o f  m e t e o r s  h a v i n g  a n  

E a r t h  e n t r y  v e l o c i t y  h i g h e r  t h a n  16 .6  Km/sec. The d a t a  i n d i c a t e  

t h a t .  t h e  d i s t r i b u t i o n  of t h e  h ' e l i o c e n t r i c  v e l o c i t i e s  i s  v e r y  

s t r o n g l y  peaked n e a r  t h e  s o l a r  e s c a p e  v e l o c i t y ,  i n d i c a t i n g  t h e  

p r e s e n c e  o f  a l a r g e  number o f  meteors  v ~ i t h . h i g h l y  e l o n g a t e d  

o r b i t s .  We, t h e r e f o r e ,  t u r n  o u r  a t t e n t i o n  t o  m e t e o r s  whose 

o r b i t  h a s  a n  e c c e n t r i c i t y  o f  a p p r o x i m a t e l y  1. 

L e t t i n g  e = l  i n  Eq. 4 . 2 . 5 ,  we have:  

These  m e t e o r s  w i t h  p a r a b o l i c  o r b i t s  i n t e r s e c t  t h e  

' E a r t h  o r b i t  a t  two p o i n t s  when p c l  and a t  one p o i n t  o n l y  ( i . e . ,  

a t  p e r i h e l i o n )  when p = l  and f o r  p>l' do n o t  i n t e r s e c t  a t  a l l  and 

whence t h e y  w i l l  n o t  be c o n s i d e r e d  h e r e .  Thus,  t h e  minimum 

g e o c e n t r i c  v e l o c i t y  i n  Eq. 4 .2 .13 c o r r e s p o n d s  t o  t h e  c a s e  when 

p=1 .  

and t h e  maximum v a l u e  i s  o b t a i n e d  when p=O , 

I n  t h e  f i r s t  l i m i t i n g  c a s e  (Eq. 4 .2 .14)  w e  have m e t e o r s  

c a t c h i n g  up w i t h  t h e  E a r t h  from b e h i n d ,  a t  p e r i h e l i o n .  A t  t h e  

second  l i m i t  (Eq.  4 .2 .15)  we have m e t e o r s  i n t e r s e c t i n g  t h e  E a r t h ' s  

o r b i t  a t  9 0 ' ;  t h e  r e s t  o f  t h e  p o s s i b i l i t i e s  r e p r e s e n t e d  by Eq. 4.2.13 

a r e  i n t e r x e d i a t e  between t h e s e  l i m i t s .  . . 



The d i s t r i b u t i o n  of  p e r i h e l i a  f ( p )  o f  t h e  McCro~k y 
P 

and  Posen  m e t e o r s  h a v e  a fo rm 

a p p r o x i m a t e l y .  

f p ( p )  = c o n s t a n t  P 1 9 5  8 

l 

Hence t h e  Vg a r e  a p p r o x l r n a t e l y  d i s t r i b u t e d  as 

The e a r t h  e n t r y  v e l o c i t i e s ,  V ,  a r e  t h e n  g i v e n  by 

The r a n g e  o f  v e l o c i . t i e s  f o r  which  E q .  11.2.18 i s  v a l i d  

c a n  be o b t a i n e d  f rom r e l a t i o n s  4 . 2 . 1 4  a n d  11.2.15, The r e s u l t  i s  

1 6 . 6  < V < 52 .8  I 

The v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n ,  Eq. 4 . 2 . 1 8  i s  a 
r a p i d l y  d e c r e a s i n g  f u n c t i o n  o f  V.  Over  i t s  r e g i o n  o f  d e f i n i t i o n ,  

i t  has i t s  l a r g e s t  v a l u e  a t  V = 1 6 . 6  Km/sec a n d  t h e n  d e c r e a s e s  t o  

- z e r o  a t  V = 52.8 Kni/sec. 

F i g u r e  23  i s  a  p l o t  of  t h e  s e m i - - e m p i r i c a l  v e l o c i t y  

d i s t r i b u t i o n  f u n c t i o n  o b t a i n e d  i n  t h e  p r e v i o u s  s e c t i o n  t o g e t h e r  

w i t h  f v ( v )  g i v e n  by E q .  4 . 2 . 1 1  and  4 . 2 . 1 8 .  The n o r m e l i z a t i o n  

c o n s t a n t  f o r  f v ( v )  h a s  b e e n  c h o s e n  t o  r e p r e s e n t ,  a p p r o x i m a t e l y ,  

t h e  number o f  m e t e o r s  i n c l u d e d  i n  t h e i r  r e s p e c t i v e  i n t e r v a l s  o f  

d e f i n i t i o n .  S i n c e  o u r  s o l e  p u r p o s e  h e r e  i s  t o  d i s c u s s  t h e  

q u a l i t a t i v e  f e a t u r e s  o f  t h e  d i s t r i b u t i o n ,  n o  a t t e m p t  h a s  b e e n  

nlacle t o  o b t a i n  a  q u a n t i t a t i v e  f i t  w i t h  t h e  d a t a .  



1t c a n  b e  s e e n ,  from t h e  f i g u r e ,  t h a t  i n  t h e  v e l o c i t y  

r a n g e  o f  1 1 . 2  Km/sec t o  1 6 . 6  Km/sec t h e  t h e o r e t i c a l  e x p r e s s i o n  

f o r  f v ( v )  d o e s  i n d e e d  r e p r o d u c e  t h e  g r o s s  t r e n d  o f  t h e  d a t a .  
I 

The t h e o r e t i c a l  c u r v e  i s  concave  dov~nwards and  t h e  same t r e n d  i s  i 

e x h i b i t e d  by t h e  e m p i r i c a l  c u r v e .  I t ,  t h e r e f o r e ,  f o l l o v ~ s  t h a t  f 
! 

t h e  v e l o c i t y  d i s t r i b u t i o n  o f  m e t e o r s  i n  t h e  r a n g e  o f  3.1.2 ' ~ m / s e c  

t o  1 6 . 6  Krn/sec c a n  be  e x p l a i n e d  by a s s u m i n g  t h a t  most  m e t e o r s  ! 

( i n  t h i s  v e l o c i t y  r a n g e )  t r a v e l  i n  d i , r e c t  o r b i t s  w i t h  smal.1 i n c l i n a -  
I 

t i o n s a n d  pe r ib i e l . l on  d i s t a n c e s  o f  a b o u t  1A.U. They may c o ' l l i d c  w i t h  
I 

t 

t h e  E a r t h  a t  p e r i h e l i o n  i n  which c a s e  t h e i r  r a d i a n t  ' i s  d i r e c t l y  

o p p o s i t e  from t h e  a p e x  o f  t h e  E a r t ; h l s  m o t i o n  o r  t h e y  may "come i n "  j 
a t  some o t h e r  a n g l e ,  l e s s  t h a n  g o 0 ,  if t h e i r  o r b i t  i n t e r s e c t s  t h e  1 

I 
E a r t h q  s o r b i t  away frorri p e r i h e l . i o n .  

The v e l o c j . t y  d i s t r i b u t i o n  i n  t h e  i n t e r v a l  o f  1 6 . 6  Krn/sec 

t o  5 2 . 8  K m / s e c . i s  d u e  m a i n l y  t o  p a r t i c l e s  moving i n  v e r y  e l o n g a t e d  

( e  i s  o f  t h e  o r d e r  of  1) a n d  low i n c l i n a t i o n  o r b i t s .  Bo th  t h e  

t h e o r e t i c a l  and  e m p i r i c a l  c u r v e s  a r e  concave  dol;rnwards, e x h i b i t i n g  

s imi la r  t . r e n d s .  The t h e o r e t i c a l  c u r v e  u n d e r e s t i m a t e s  t h e  s 1 . o ~ ~  

m e t e o r s  r e l a t i v e  t o  t h e  f a s t e r  o n e s ,  i n  t h i s  r a n g e .  T h i s  i s  I 

1 
p r o b a b l y  due  t o  t h e  s i m p l e  a p p r o x i m a t i o n  ~ 4 .  4 . 2 . 1 6  o f  t h e  d i s t r i -  

\ 
b u t i o n  o f  p e r i h e l i a .  T h e r e  i s  a  f a i r l y  s t r o n g  peak  i n  t h e  a c t u a l  

f 

i d i s t r i b u t i o n E  a r o u n d  p = l  which  we h a v e  n o t  i n c l u d e d  i n  t h e  s i m p l e  

model. a n d  which  wouYd c a u s e  t h e  v a l u e  o f  f ( v )  n e a r  t h e  low v  j 
' v e l o c i t y  1 J . m i i ;  t o  b e  l a ~ g e r  t h a n  g i v e n  by E q .  11.2.18 . Around 

5 0  ~ r n / s e c  t h e  t h e o r e t i c a l  d i s t r i b u t i o n  becomes v e r y  small by 

c o m p a r i s o n  w i t h  t h e  d a t a .  A l s o ,  a t  a b o u t  t h i s  v e l o c i t y ,  a 

marked  change  i n  t h e  d i s t r i b u t i o n  o f  t h e  d a t a  i s  I n d i c a t e d .  
i ; T h i s  we a t t r i b u t e  t o  t h e  c o n t r i b u t i o n  o f  r e t r o g r a d e  m e t e o r s ,  n o t  

f 

i i n c l u d e d  i n  t h e  t h e o r e t i c a l  model .  The r e t r o g r a d e  m e t e o r s  ?re i 
s e e n  t o  c o m p r i s e  a m i n o r  f r a c t i o n  o f  t h e  t o t a l  a n d  t h e i r  c o n t r j -  

b u t i o n  Gcconies d i s c e r n i b l e  a t  v e l o c i t i e s  i n  e x c e s s  o f  50 Km/scc,. 

T h e i r  d i s t r i b u t i o n  a p p e a r s  t o  b e  m a r k e d l y  d i f f e r e n t  f r o a  t h e  d i r e c t  

n l e t e o r s  b u t  a  r e l a t i v e  p a u c i t y  o f  d a t a  i n  t h i s  r e g i o n  makes a de-- 

t a i l e d  d i s c u s s i o n  o f  t h e s e  m e t e o r s  d i f f i c u l t .  

9 
S e e  NcCrosk y  a n d  Poscn  (19611,  F i g .  5 .  



4,3 bloclel Vel ocity Distribution - 

In this section we shall establish a simple analytical 
I 

expression for the semi-empirical velocity distribution. Rather , 

than refine the somewhat cumberso~ne formulas Eqs. 4.2.11 and ! I 
4,2,18 we shall fit the empirical velocity distribution to a ! 

simple exponential function of the form I 

i 
! 

with V in Km/sec and where the constants have been so chosen 

that the distribution function is continuous. The quality of 

the fit can be seen in Fig. 24 to be quite iood. We have 

plotted, in the figure, the semi-empirical velocity distributjon 

together with the least squares fit. 

* 

The normalization constant can be obtained by noting 

tea6 

( " - 3 . 3 1  fm,v(m,V) = fm(m) fV(v) x constant 

where f (m,v) is the joint mass-velocity distribution function. 
m,v 

The  mass distr2ibution is then given by (using numerical values from 

Eqs, 11.3 and 1 1 . 4 )  

34 
The least squares fit gives a maximum at 17 Kn/sec but because 

of theoretical reasons we shall choose the normalization constents 
. in such a manner that the maximum occurs at a meteor velocity of 

16.6 Kn/sec. 
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1 n t e g r . a t i o n  o f  E q .  4 . 3 . 2  t h e n  g i v e s  

The j o i n t  mass a n d  v e l o c i t y  d i s t r i b u t i o n  t h e n  becomes ,  

Mass D i s t r i b u t i o n  f rom P h o t o g r a p h i c  M a v n i t u d e s  5. - -  ----a 

I n  t h i s  s c c t l o n  t h e  p h o t o g r a p h i c ? ,  m a g n i t u d e  d i s t r i b u t i o n  

of t h e  McCroslc y and  Posen  m e t e o r s  i s  examined  b r i e f l y  t o  s e e  t7hat  

i n f e r e n c e s ,  i f  a113', ~ a r l  bc  drawn r e g a r d i n g  t h e  model  msss c i i ~ t r i -  

b u t i o n  o b t a j n c d  i n  S e c t i o n  3.  More s p e c i f i c a l l y ,  t h e  e x p o n e n t ,  u ,  

of t h e  mass  d i s t r i h u i . j o n ,  w i l l  b e  c a l c u l a t e d  f rom t h e  p h o t o g r a p h i c  

m a g n i t u d e  d i s t r i b u t i o n .  S i n c e  t h i s  s e c t i o n  u t i l i z e s  a  method 

which  i s  i n d e p e n d e n t  f rom t h e  one  employed i n  S e c t i o n  3 ,  t h e  r e s u l t s  

h e r e  s e r v e  a s  a c h e c k  o n  t h e  s e l f - c o n s i s t e n c y  o f  o u r  model mass 

d i s t r i b u t i o n .  O 

It i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  d i s t r i b u t j - o n  o f  phoLo- 

g r a p h i c  m a g n i t u d c s  i s  o f  t h e  form 



fE1(M) dM = c o n s t a n t  x rM d ~  

where fM(M) dM i s  t h e  number o f  m e t e o r s  e n t e r i n g  t h e  E a r t h ' s  

a tmosphere  w i t h  p h o t o g r a p h i c  magni tudes  between M and M t dM 

and r i s ' a  c o n s t a n t .  

A t h e o r e t i c a l  r e l a t i o n s h i p  between t h e  p h o t o g r a p h i c  

magni tude  M and m e t e o r  mass m c a n  be  e x p r e s s e d  ( V e r n i a n i ,  1961; 

J a c c h i a  e t  a 1  1965 )  ' i n  t h e  form 

M = KO + K1 log V + K2 l o g  m + K3 l o g  zR > 

! 
where t h e  v a r i o u s  K 1 s  are c o n s t a n t s ,  and zR i s  t h e  c o s i n e  o f  t 

! 
t h e  z e n i t h  a n g l e .  " 

I 
I n t r o d u c i n g  a mass, v e l o c i t y  and z e n i t h  a n g l e  d i s t r i b u t i o n  I 

f u n c t i o n  of  t h e  form 

i 
one nay p r o c e e d  t o  e x E r e s s  t h e  exponent  a in t e r m s  of t h e  q u a n t i t y  

I 
7 , i r i  E q .  5.1 . To c a r r y  o u t  t h i s  program, one has t o ,  w i t h  t h e  

! 
u s e  of E n .  5.2, e l i m i n a t e  t h e  mass term i n  Eq. 5 .3 ,  p a y i n g  due I 

I 

a t e t e n t i o n  t o  t h e  r u l e s  o f  t r a n s f o r m i n g  d i s t r i b u t i o n  f u n c t i o n s  I 

I 

( s e e  t h e  ~ p p e n d i x ) .  When t h e  r e s u l t i n g  e x p r e s , s i o n  i s  i n t e g r a t e d  

Over  and , t h e  r e s u l t  i s  the d i s t r i b u t i o n  f u n c t i o n  of 1 '  

, p h o t o g r a p h i c  magnitudes. I :  I 
i 

One, t h e r e f o r e ,  h a s ,  i i 



, 
where J is the Jacobian of the transformation 

Some algebra then gives 

(5,.6) f ~ q  ,v,  z (M,v,zR) = 10-M(a-1)/K2 x (terms in I7 and zR) a 

R 

Integrating this expression over all values of V and 
z gives, symbolically, R 

where fM(M) is the sought expression. 

Cornparing Eq. 5.7 with 5.1 then implies 

a-1 - - - - log r. 
2 

A semilogarithmic plot of the empirical photographic I 

6 

magnitude distribution of all 2 , 5 2 9  meteors published by McCrosk y 

and Posen is given in Fig. 25. The dashed straight line is a 

least squares fit to the "straight line" portion of the distribution. 

Our result is 

(5.. 10) fp l (14 )  dbI. = constant 10 ( . 4 9  + .05)M ,, 



coinpar ison of ( 5 . 1 0 )  w i t h  ( 5 . 7 )  g i v e s  

The v a l u e '  of  K2 h a s  been  e m p i r i c a l l y  d e t e r m i n e d  by J a c c h i a  e t  a 1  

a s  K2 = - 2.25.  Hence, t h e  v a l u e  o f  t h e  exponen t  f o r  t h e  mass 

d i s t r i b u t i o n  i s  

which i s  somewhat l o w e r  t h a n  t h e  wide ly  u s e d  v a l u e  o f  2 .34  g i v e n  

by Hawkins and Upton ( 1 9 5 8 ) .  

T h i s  d e r i v a t i o n  of E q .  5 .12  i s  c o r r e c t  i f  t h e  pho to -  

g r a p h i c  magn i tude  s c a l e  of J a c c h i a  e t  a 1  c o i n c i d e s  w i t h  t h a t  o f  

McCrosk y  and Posen .  I f  a  s y s t e m a t i c  d i f f e r e n c e  e x i s t s  be- 

tween t h e  two s c a l e s ,  t h a n  t h e  v a l u e  o f  - 2.25 f o r  K2 i n  Eq.  5.11 
c a n n o t  be used  w i t h o u t  c o r r e c t i n g  t h e  number on t h e  l e f t  hand 

s i d e  o f  t h e  e q u a t i o n  f o r  t h e  d i s c r e p a n c y .  

Kresak (19611) h a s  p o i n t e d  o u t  a s y s t e m a t i c  d i f f e r e n c e  

between t h e  p h o t o g r a p h i c  magn i tude  s c a l e s  o f  McCrosk y  and 

?osen and t h a t  a p p e a r i n g  i n  300 s h o r t  t r a i l  m e t e o r s  r e d u c e d  by 

fIawkins and Sou thwor th .  Kresak found  t h a t  t h i s  d i s c r e p a n c y  i s  

g i v e n  by 

M ( ~ c ~ r o s k  y )  = . 8  M (Hawkins) - .18 



No s u c h  compar i son  i s  a v a i l a b l e  r e g a r d i n g  t h e  s c a l e  o f  J a c c h i a  

e t  a l .  S i n c e ,  however,  t h e  g r a p h i c  r e d u c t i o n  method o f  McCr0sk.y 

and Posen i s  l e s s  a c c u r a t e  t h a n  e i t h e r  o f  t h e  o t h e r  two,  i t  may 

b e  assumed t h a t  J a c c h i a l s  s c a l e  o f  M c o i n c i d e s  w i t h  tha t ;  o f  t h e  

s h o r t  t r a i l  method.  

f M ( ~ )  c a n  now b e  e x p r e s s e d  i n  t e r m s  o f  t h e  s c a l e  o f  

m a g n i t u d e s  of  t h e  s h o r t  t r a i l  method; combining Eq. 5 .10  and 

5 . 1 3  g i v e s :  

fM(M) = c o n s t a n t  1 0  ( . 3 9  - + .04)  M(Hawkins) 

and  

S u b s t i t u t i n g  f o r  K2 now g i v e s  

e 

which i s  even  lower  t h a n  t h e  v a l u e  o f  2 . 1  from E q .  5 .12 .  T h i s  

v a l u e  o f  a c o n t a i n s  an  e r r o r  inasmuch o u r  l e a . s t  s q u a r e s  f i t  

-Eq.  5 .10  i s  b a s e d  on 2529 m e t e o r s  and 1 4 %  o f  t h e s e  m e t e o r s  have  

been  r e d u c e d  by  J a c c h i a .  C o n s i s t e n t  w i t h  t h e  p o s t u l a t e  t h a t  

J a c c h i a t s  s c a l e  i s  t h e  same a s  Hav~l t ins ' ,  a = 1 . 8 8  i s  a  lower  l i m i t ,  

T h i s  lower  v a l u e  o f  a i s  a l s o  i n  good agreement  w i t h  t h e .  

r e s u l t ,  a = 2 ,  o b t a i n e d  i n  S e c t i o n  3 o f  t h i s  s t u d y .  
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With t h e  u s e  o f  E q .  4 . 3 . 6 ,  t h e  above r e l a t i o n  can  be 

e v a l u a t e d ,  n u m e r i c a l l y ;  t h e  r e s u l t  i s  

I 

The r o o t  mean s q u a r e  d e v i a t i o n  o f  t h e  v e l o c l t y  AVRMS can  be 

found from E q .  6 . 1 . 4  and 6 . 1 . 2 .  One h a s :  

and t h e r e f o r e ,  we can w r i t e ,  f o r  o u r  model 

( 6 . 1 . 6 )  a v e r a g e  v e l o c i t y  = 20  - + 7 Km/sec . 

The v a l u e  o f  20 Km/sec f o r  t h e  a v e r a g e  v e l o c i t y  i s  

c o n s i d e r a b l y  l o w e r  t h a n  t h e  30 Km/sec used  f o r  t h e  Apol lo  model 

m e t e o r o i d  e n v i r o n m e n t .  It i s  t h e r e f o r e  recommended t h a t  t h e  

model s h o u l d  be r e v i s e d  a c c o r d i n g l y .  

6 . 2  P e n e t r a t i o n  F l u x  j 

I 

It i s  o f  c o n s i d e r a b l e  i n t e l - e s t  t o  e s t i m a t e  t h e  f l u x  o f  

p a r t i c l e s  p e n e t r a t i n g  a  g i v e n  t h i c k n e s s ,  T ,  o f  e q u i v a l e n t  aluminum. 

K i n e t i c  e n e r g y  s c a l i n g  w i l l  be  employed h e r e ,  i.e., t h e  p e n e t r a t i o n  

d e p t h  is t a k e n  t o  be p r o p o r t i o n a l  t o  t h e  t w o - t h i r d  power o f  t h e  
B 

p a r t i c l e  k i n e t i c  e n e r g y .  Computa t ion  o f  t h e  i n f l u x  o f  p a r t i c l e  

k i n e t i c  e n e r g y  i s  t h e r e f o r e  needed ,  t o  b e g i n  w i t h .  
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distribution function. Since the exponent in our expression 

(6.2.3) is -1, our model predicts a trend for the distributjon . 

within 8% of Dal.tonls results; the qualitative agreement is 
therefore excellent. 

In order to compute the penetration flux, use is made 

of the Ames (Sunimers, 1959) penetration criterion in the form 

1 mv2 cos 2 2 0 

. P T C T  
2 

where T is the thickness of sheet metal penetrated by a pro- 
1 jectile with densi-ty p p  and kinetic energy - mv2 (in joules) .' 
2 

The quantity p T  is the target density, CT is the velocity of 

sound in the target and O is the angle of incidence of the pro- 

jectile (measured, as usual, from the normal to the target 

surface). In Eq. 6.2.4 we assumed that T equals 1.8 (Orrok, 
1964) times the penetration depth into a semi-infinite target. 

Choosing soft aluminum for a standard target, one has 
3 3 p t  = 2.7 x 10 Kg/m3 and CT = 5.1 x 10 m/sec. For the meteor 

density p we choose a value of lo3 Kg/m3 (Verniani and Hawkins, P 
1965), and we use a value of 1/2 for cos O averaged over a 

hemisphere. Substitution of these quantities into Eq. 6.2.4 

then gives, 



Cornbining Eq. 6 . 2 . 3  w i t h  6 . 2 . 5  t h e n  g i v e s  

I 
where  P,(T) i s  t h e  c u m u l a t i v e  f l u x  ( i n  m e t e r s - 2  s e c - l )  o f  p a r t i c l e s  

p e n e t r a t i n g  a n  al.uminum s h e e t  T m e t e r s  o r  more i n  t h i c k n e s s .  The 

u n c e r t a i n t y  i n  t h e  c o e f f i c i e n t  o f  E q .  6 . 2 . 6  i s  o f  t h e  o r d e r  o f  

x 1 0 " ~ ( ~ o h n a n ~ i ' ,  1 9 6 5 ) .  The u n c e r t a i n t y  i n  t h e  e x p o n e n t  o f  T 

i s  due  t o  t h e  u n c e r t a i n t y  i n  t h e  e x p o n e n t  o f  m i n  t h e  mass d i s t r i -  

b u t i o n  and  i s  o f  t h e  o r d e r  o f  1 0 % .  

U s i n g  m a i n l y  s a t e l l i t e  i n f o r m a t i o n ,  Dohnanyi  ( 1 9 6 5 )  h a s  

e s t i m a t e d  t h e  p e n e t r a t i o n  f l u x  and  o b t a i n e d  

w i t h  a n  u n c e r t a i n t y  o f  t h e  o r d e r  o f  1 0 % ' ~  i n  t h e  c o e f f i c i e n t .  

It c a n  b e  s e e n  t h a t  Eqs .  6 . 2 . 7  and  6 . 2 . 6  a r e  i n  v e r y  good a g r e e -  

ment  vr i th  e a c h  o t h e r ;  Dol inanyi ' s  e s t i m a t e  i s  h i g h e r  by a b o u t  a 

f a c t o r  o f  3. 

I n  a n  e a r l i e r  p a p e r ,  O r r o k  (1963)  s t u d i e d  t h e  r e l a t i o n -  

- s h i p  b e t v ~ e e n  t h e  v i s u a l  m a g n i t u d e  o f  m e t e o r s  and  t h e i r  p e n e t r a t i n g  

power ;  he o b t a i n e d  



T h i s  r e l a t i o n  i s  h l ~ h e r  t h e n  E q .  6 . 2 . 6  by  a  f a c t o r  o f  a b o u t  3 0 ,  

t h e  d i s c r e p a n c y  b e i n g  d u e  t o  d i f f e r e n t  n o r m a l i z a t i o n  c o n s t a n t s  

u s e d  by O r r o k .  A c c o r d i n g  t o  t h e  s c e l e  h e  u s e d ,  t h e  z e r o  v i s u a l  

m a g n i t u d e  ~ e t e o r  t r a v e l i n g  a t  30 Kn/sec h a s  a  mass o f  a b o u t  

2 . 5  x Kg v h i l e  a c c o r d i n g  t o  t h e  more r e c e n t  s c a l e  ( V e r n i a n i ,  

1969) u s e d  h e r e ,  s u c h  a  m e t e o r  h a s  a mess o f  e b o u t  . 8  x Kge 
0rrol.c h a s ,  f u r t h e r i n o r e ,  no rn : a l i zed  h i s  c u n u l a t i v e  i n f l u x  r a t e  a t  

t h e  f i f t h  v i s u z l  r e g n i t u d e  u s i n g  Whipple  ' s  ( 1 9 5 8 )  e s t i r . a t e  ~ h l c h  

i s  h i g h  compared ::.it11 t h e  I.;cCroslc y and  Posen  1, :e teors .  

I n f l u x  o f  I.:o_:nnl;t~~: 

FOY c e r t a i n  a p p l i c a t i o n s ,  o n e  n e e d s  t o  knoer t h e  

e x p r e s s i o n  f o r  t h e  i n f l u x  o f  p a r t i c l e  n o n e n t u n .  U s i n g  o u r  

d i s t r i b u t i o : :  f u n c t i o n  E q .  4 . 3 . 6 ,  one  o b t a i n s  

v:here F,(r:v) i s  t h e  c i i :nu l2 t ive  i n f l u x  p e r  s q u a r e  n e i e r  p e r  

s e c o n d  o f  p a : - t i c l e s  :.:ith ~;:or:entun o f  mv u n i t s  o r  l a r g e r .  rn 

i s  e x p r e s s z ?  hors i n  xg and  v i n  Kn/sec .  The u n c e r t e i n t y  i n  

t h e  expc:-!o:-,t o f  nv  i s  a b o u t  10;. 

D a l t o n  ( 1 9 6 5 )  o b t z i n c d  a n  e x p r e s s i o n  f o r  t h e  c u r - . u l a t i v e  
. . norr.snt:::: ::-!?lux :.:it!: a!: e x p o n e n t  o f  - 1 . 0 9 .  T h i s  i s  s e e n  t o  be  

w i t h i n  t h e  r : i s r ~ i : ;  o f  c n c e r t s i n t g  o f  o u r  p r e s e n t  e s t i m a t e  and  

h e n c e  o:lr exponerib i s  i n  goad  a z r e e z e n t  s i t h  t h a t  o f  D a l t o n .  



6 . 4  G r a v i t a t i o n a l  F o c u s i n g  - 
1 

F o r  c e r t a i n  a e r o s p a c e . a p p 1 - i c a t i o n s  i t  i s  o f  i n t e r e s t  ! 
t o  e s t i m a t e  t h e  e x t e n t  o f  p a r t i c l e  c o n c e n t r a t i o n  n e a r  E a r t h  a s  1 

! 
a r e s u l t .  o f  t h e  E a l ' t h l s  g r a v i t a t i o n a l  a t t r a c t i o n .  o p i k  ( 1 9 5 1 )  1 

i 
i 

h a s  shown t h a t  I 

f l u x  ( a t  R ~ )  va2 + S ,  2  
( 6 A . 1 ) .  - ' = f l u x  ( a t  R ~ )  

- 
2 2  

va + S2 

where  $I i s  t h e  r a t i o  of  t h e  f l u x  a t  d i s t a n c c  R1 f rom t h e  c e n t e r  

o f  t h e  E a r t h  t o '  t h e  f l u x  a t  a  d i s t a n c c  R (f'rorn t h e  c e n t e r  o f  t h e  

E a r t h ) .  V i s  t h e  m e t e o r o i d  g e o c e n t r i c  v e l o c i t y .  The q u a n t i t y  a 
S  i s  g i v e n  by 

where  G i s  t h e  u n i v e r s a l  g r a v i t a t i o n a l  c o n s t a n t ,  p t h e  mass o f  

t h e  E a r t h  a n d  R i s  as d e f i n e d  a b o v e .  

T a k i n g  R1 a t  t h e  s u r f a c e  o f  t h e  E a r t h  a n d  expressing 

VG i n  t e r m s  o f  t h e  E a r t h  e n t r y  v e l o c i t y  V o n e  o b t a i n s ,  a f t e r  

some a l g e b r a ,  

1 I c  1 2 5  ' ( 6 . 4 . 3 )  f ( € 1  = f ( a t  s u r f a c e )  x  1 + (- - 1) - 
m,v m,v v2 J 

where  f ( c )  i s  t h e  mass  and  v e l o c i t y  d i s t r i b u t i o n  a t  a d i s t a n c e  
m,v 

E f rom t h e  c e n t e r  o f  t h e  E a r t h  w i t h  E e x p r e s s e d  i n  u n i t s  o f  E a r t h  

r a d i i .  



, U s i n g  t h e  model d i s t r i b u t i o n  E q .  4 
E q .  6 . 4 . 3  o v e r  a l l  t h e  v e l o c i t i e s  t o  o b t a i n  

The r e s u l t  i s  

.3..1 one can  i n t e g r a t e  

t h e  mass d i s t r i b u t i o n .  

It can  be  s e e n  t h a t  e v e n ' a t  l a r g e  d i s t a n c e s  from t h e  e a r t h  ( c = m )  

t h e  f l u x  i s  d e c r e a s e d  by l e s s  t h a n  30% due t o  g r a v i t a t i o n a l  

f o c u s i n g .  S i n c e  a  d i f f e r e n c e  o f  30% i s  w e l l  w i t h i n  t h e  marg in  

o f  e r r o r ,  i t  i s  recommended t h a t  no d i s t i n c t i o n  be made between 

n e a r  E a r t h  a n d . d e e p  s p a c e  f l u x e s  o f  v i s u a l  m e t e o r s  a s  f a r  a s  

g r a v i t a t i o n a l  f o c u s i n g  i s  c o n c e r n e d .  

7 .  C o n c l u s i o n  

The mass and v e l o c i t y  d i s t r i b u t i o n  o f ' t h e  McCrosk y 

ancl Posen m e t e o r s  have  been  s t u d i e d .  L e a s t  s q u a r e  a n a l y s i s  

l e a d s  t o  a  d i s t r i b u t i o n  f u n c t i o n  g i v e n  by E q .  4 . 3 . 1  . 

where m i s  t h e  m e t e o r  mass i n  Kg and V i s  t h e  m e t e o r  E a r t h  e n t r y  

v e l o c i t y  i n  Km/sec. The c u m u l a t i v e  mass d i s t r i b u t i o n  t h e n  becomes 
I 

where F,(m) i s  t h e  cun?u la t ive  i n f l u x  o f  m e t e o r s  p e r  s q u a r e  m e t e r  

p e r  second  h a v i n ~  a mass o f  n Kg o r  more.  T h i s  r e l ~ t i o n  d i s a g r e e s  

. w i t h  Whipp le ' s  1963 model ,  v h i c h  h a s  a  mass exponen t  o f  - 1 . 3 4  



and h a s  been a d o p t e d  i n t o  t h e  NASA model .  I n  t h e  f l u x  r a n g e  o f  

i n t e r e s t  f o r  Apol.lo, which i n c l u d e s  f l u x  v a l u e s  o f  1 0  -llm-2 -1 s e c  

o r  h i g h e r ,  Whipple s 1963  model ( w i t h  p = . l l 4 )  i s  h i g h  compared 

w i t h  an  e x t r a p o l a t i o n  of Eq. 7 . 2 .  The a v e r a g e  m e t e o r  v e l o c i t y ,  

d e f i n e d  'by Eq. 7 . 1  i s  2 0  Km/sec. The E a r t h 1  s g r a v i t a t i o n a l  

fc lcus ing e f f e c t  h a s  been examined and no evider:ce f o r  a  s t r o n g  

n e a r  E a r t h  c o n c e n t r a t i o n  h a s  been found  f o r  m e t e o r s  i n  t h e  

p h o t o g r a p h i c  r a n g e .  

1011-JSD-gdn J. S. Dohnanyi 
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APPENDIX 

A-1. Transformation of Distribution -. Functions of One Variable 

Suppose we have a distribution function of a variable x 

is given by fx(x) and wish to find the distribution function 

of the variable y given by 

If x can be solved for y, in the form 

where g~l(y) denotes, symbolically, the ith real root of x in 

E q .  A-1-1, then the distribution function of y,f (y) is given 
Y 

by (for proof, see, e . g . ,  Papoulis, 1965) 

where xl . . .  x . . .  x are the n real roots of E q .  A-1 and where , 
i n 

g q x )  = dg(x)/dx. 1 
j 

1 
A - 2 .  Transfor~nation of Distributi.on Functions -- of Two Variables -- , 

Suppose we have a distribution function of two variables, i 

x1 and x2, denoted by fx (xl,x2). We wish to find the distri- I 

1 2  ' ; 
bution function f (y1,y2) of the variables yl and y2 given by 

YlY2 



BE!-LCOMM, I N C .  

A p p e n d i x  

S u p p o s e  we c a n  s o l v e  E q .  A-2-1 e x p l i c i t l y  f o r  il kr15 

x o b L a i n i n g  n r e a l  r o o t s ,  s a y  2 

i n  Lerrns o f  y l  a n d  y 2 .  T h e n  t h e  s o u g h t  d i s t r i b u t i o n  f u n c t i o n ,  

f (Y y ) i s  g i v e n  by ( s e e  P a p o u l i s ,  1 9 6 5 )  
YlY2 2 2  

u h e r e  xi x i  . . . x n n 
1 x 2  a r e  t h e  n r e a l  r o o t s  o f  E q .  A-2-1 2nd  

~ ( Y ~ Y * )  
w h e r e  J ( x l  x 2 )  i s  t h e  J a c o b i a n  o f  t h e  t r a n s f o r m a t i o n  - - 

a Crp ; )  
a n d  I s  g i v e n ,  e x p l i c t l y ,  by  t h e  d e t e r i n i n a n t  

S i m p l e  s u b s t i t u t i o n  o f  v a r i a b l e ;  i n t o  t h e s e  r e l e t i o c s  

pei8r; , i ' ts  o,re t o  p e r f o r r , ;  a l l  t h e  t r a n s f o r i ; i a t i o n s  o f  d i s t r i b u t i o n  

f ~ n c t i o n s  u s e d  i n  t h i s  p a p e r .  
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FIGURE I - DISTRIBUTION OF METEOR MASSES 
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FIGURE 2 - DISTRIBUTION OF METEOR VELOCITIES 





Slope  Of Least Squarer F i t  = OI - I  

FIGURE 19 
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FIGURE 20 
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FIGURE 21 



AS It4 F l a U R E  2: S O L I D  C IRCLES,  $ W A R E S  h 
T R l A l O E S  ARE CALCULATED NUMBERS ( A S  D I S -  
CUSSED I n  THE TEXT WITH MASSES E AL TO 
OR LARGER THAI4 k q ,  6. i x 10-plkp 1 
2.8 x 10-3 kp,  RESPECTIVELY.  
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FIGURE 24 
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